gered by a nearby source is well known. Aftershocks of large and moderate earthquakes commonly occur at distances of one or two source dimensions from a mainshock (3). Seismicity induced by human activities (which include the underground detonation of nuclear explosions, filling or emptying of water reservoirs, injecting and extracting fluids in deep boreholes, and mining) is usually confined to an area within a few tens of kilometers or less of the inducing source (4). In marked contrast, the widespread surge in post-Landers seismic activity extended over 1250 km (17 source dimensions) from the mainshock.
This abrupt, widespread, and unexpected seismicity increase challenges a long-standing skepticism regarding the reality of triggered seismic activity at great distances from an earthquake. This skepticism has its roots, in part, in the uncertain significance associated with an increase in earthquake activity at a solitary, remote site after a large earthquake, and, in part, in the lack of a plausible physical model for remote triggering. In particular, Earth models based on linear elasticity, which have been successful in explaining a vast range of seismological phenomena, seem incapable of accounting for triggered seismicity beyond a few source dimensions of an earthquake rupture (5). The simultaneous increase in seismic activity at many remote sites following the Landers earthquake thus forces consideration of an expanded range of models that include nonlinear interactions.
In this article we document the spatial distribution and temporal evolution of the seismic activity that followed the Landers mainshock and the tectonic settings in which the activity occurred. We argue that this activity is not explained by random coincidence and comment on evidence for remote triggering by other major (M 2 7) earthquakes. We conclude by exploring some possible physical processes that might explain remote triggering.
Distribution and nature of triggered seismicity. Recognition of remotely trig- The most dramatic increase in earthquake activity occurred in the Landers aftershock zone within 100 km of the rupture (Fig. 2) , which we do not consider further (6). We also do not consider possible triggered activity in southern California between the Garlock fault and the international border, for which a complete earthquake catalog is not yet available for the period of interest. There are, however, two candidates for triggered activity in southern California: A cluster beneath Pasadena (PA in Fig. 2 ) 60 km west of the aftershock ellipse that included a M = 3.9 event on 29 June and a lineation of earthquakes along and east of the White Wolf fault (source of the M = 7.5 Kern County earthquake of 1952; WW and K in Fig. 2) .
North of the Garlock fault, post-Landers earthquake activity was concentrated within a belt of persistent seismicity and Holocene faulting that extends north-northwest from the southern margin of the Great Basin (7) as far north as the southern Cascade volcanoes in northern California. Within this region, triggered activity was primarily concentrated along the boundary zone between the Sierra Nevada and Great Basin (SNGBZ), although some activity occurred in more isolated sites, each also with a history of persistent seismic activity (Figs. 2 to 7) . Particularly noteworthy aspects of the triggered sites include: (i) all sites of (recognized) remote triggering are north of the Landers mainshock and (ii) all sites show strike-slip to normal faulting (implying a horizontal orientation for the least principal stress). Many sites of persistent seismicity north of Landers did not respond with triggered seismicity, however. Notably, active sections of the San Andreas fault system in central and northern California, the Intermountain seismic belt in central and northern Utah, and the central Nevada belt (8) RESEARCH ARTICLE IV in Fig. 2 ) are particularly notable for the absence of triggered activity (10). Both the maximum magnitude and the total seismic moment of the remotely triggered earthquakes decreased with distance from the Landers epicenter (Table 1 and Fig. 6A) . This is the only triggered activity reLognized within the northern San Andreas fault system. In the southem Cascade Range, earthquake activity increased at Lassen Peak, Medicine Lake caldera, and near Burney (an area covered by Quaternary lava flows). Triggered seismicity near Cascade, Idaho, was located in the western part of the Idaho batholith (see Fig. 7 ) some 15 km west of the nearest hot spring. The most distant candidate for activity triggered by the Landers mainshock occurred in a small cluster 15 km northwest of Yellowstone caldera within Yellowstone National Park (14) (see Fig. 7 ).
Temporal patterns in triggered activity. Establishing the onset time of triggered seismicity is important both for judging statistically whether triggering has taken place (ruling out random coincidence) and for constraining physical models for remote triggering. The apparent onset (time of the first detected earthquake after Landers) varied from 30 s after passage of the Landers S wave to 33 hours after the Landers mainshock (Fig. 3 and Table 1 ). In general, the recognized onset time depends on the local rate of seismicity and the sensitivity of the seismic network, both of which vary regionally. Using the earthquake catalog data, we tested the hypothesis that the observed onset of activity at each site is consistent with an instantaneous increase in local seismicity rate at the time of the Landers mainshock (15). We were unable to reject the hypothesis at all but one of the sites, a result consistent with a causal link between the Landers earthquake and the remote earthquake activity.
The strong direct waves and the reflected and scattered coda waves produced by the mainshock and its large aftershocks tended to obscure the onset time of the triggered activity. Our approach to this problem takes advantage of the observation that seismic waves from nearby earthquakes are relatively rich in high-frequency energy, whereas waves from the Landers mainshock, having traveled a long distance, are relatively depleted in high-frequency energy as a result of intrinsic attenuation and scattering. Applying a 5-to 30-Hz bandpass filter to seismograms effectively eliminates the mainshock coda waves at distances beyond 500 km and enhances the local earthquakes (Fig. 5) It is possible that the increased seismicity rate at some sites is merely coincidental (having no causal link) with the Landers earthquake. Although the post-Landers surge in seismicity is unusual at each site, all of the sites are seismically active and have had seismicity surges (swarms) in the past (see, for example, the swarm on day 35 at Lassen Peak in Fig. 3) . Considering the relative infrequency of these seismicity surges, however, noncausal coincidence is unlikely for the post-Landers activity (17).
Although the maximum magnitude of triggered earthquakes at each site generally decreased with distance from Landers, the duration of the triggered activity at a given site showed no clear correlation with distance (Figs. 3 and 6 and Table 1) . At Long Valley and the Geysers, where seismicity is normally high, the triggered seismicity occurred as smooth transient surges in seismicity with durations of a few days and a few hours, respectively (Fig. 6) , whereas at Mono Basin and Burney, triggered activity showed little sign of diminishing after 3 weeks or more (Fig. 3) . The increase in number of events after the Landers earthquake varied widely from site to site and was apparently unrelated to distance from Landers. Supporting observations. Observations of both permanent and dynamic strain changes at sites of remotely triggered seismicity help constrain possible triggering processes. Of all the sites showing triggered activity, however, only Long Valley caldera has a continuous instrumental record of deformation. Data from daily measurements of a two-color geodimeter network showed no strain changes above the resolution of about 0.3 microstrain (18). Continuous data from a 200-m-deep borehole dilatometer 4 km west of the caldera showed an instantaneous compressional strain step of about 3 x 10' between the Landers P and S waves followed by a slower compressional pulse that built to about 2 x 10-7 during the 5 days after the mainshock. The strain pulse then decayed to background during the next few weeks (Fig. 6) . Dilatometers along the San Andreas fault (solid triangles in Fig. 7) showed only an instantaneous strain step.
Information on dynamic stresses comes from on-scale records of the Landers mainshock recorded on both broad-band digital seismometers and dilatometers [ Table 1 ; (19)]. The dilatometers provide a direct measurement of dilatational strain, 0, and the associated dynamic mean stresses are o -kO, where k is the bulk modulus. The seismometers provide data on particle velocities, which are proportional to dynamic stresses (20). Peak particle velocities and dilatational strains (and thus peak dynamic stresses) occur within the S wave coda at distances beyond about 300 km and include early parts of the fundamental mode Rayleigh and Love wave trains, with dominant periods of 5 to 20 s.
The distribution of peak dynamic stresses from the Landers mainshock (Fig. 7) shows a strong directivity effect associated with the northward propagation of the mainshock rupture. Peak dynamic stresses north-northwest of the mainshock were roughly twice those at comparable distances to the west and over three times those to the south. Triggering mechanisms. Competitive models for the remote triggering process fall into two broad classes: One involving the static stress changes in the crust produced by the dislocation along the Landers rupture surface and the other involving the dynamic stresses associated with the propagating seismic waves generated by abrupt slip along the rupture surface. In both, remote triggering involves brittle slip on local, favorably oriented faults induced by an incremental change in the local stress field sufficient to overcome frictional strength or an incremental reduction in effective frictional strength.
Static stress changes decrease rapidly with distance (as r-3 , compared with r-2 and r-3/2 for dynamic stresses associated with body and surface waves, respectively) for a dislocation in an elastic half space. Maximum static shear stress changes calculated for the Landers earthquake, for example, fall below daily tidal stress changes (27) at distances beyond about 250 to 300 km (Table 1 and Fig. 7) . The dilatational component of the static strain change calculated with this model for the vicinity of Long Valley caldera (A = 415 km) agrees in both sense and magnitude with the -3 x 10-9 compressional strain step detected by the borehole dilatometer in the caldera. The small size of both theoretical and observed static stress (or strain) changes for the Landers mainshock at distances beyond about 250 km argues against their efficacy as a triggering mechanism for this instance of remote seismicity (28) .
The relatively large, northward-directed dynamic stresses associated with the shearwave coda and the fundamental mode Love and Rayleigh waves (Fig. 7) More speculatively, the large dilatational strains associated with Rayleigh waves interacting with magma bodies in the upper crust may accelerate the exsolution of volatile components and temporarily increase pressure within the magma body or pore pressures in overlying rock as a result of an increased flux of volatiles out of the magma body (32). Alternatively, crustal magma bodies that are predominately crystalline with only a small melt fraction behave as solids rather than as liquids at small strain levels (that is, they transmit shear waves). If the large dynamic strains associated with the surface waves caused such a magma chamber to liquify partially, it would release differential stress. The resulting load transfer to the surrounding crust could trigger earthquakes in much the same way that stress redistribution in an earthquake triggers aftershocks.
Possibly, several processes contributed to the observed triggering, with the dominant process at a given site determined by the local crustal environment and location (both distance and azimuth) with respect to the mainshock source. The close association of most sites of triggered activity with recent volcanism and geothermal systems, for example, suggests that the interaction of the dilatational components of the strain field from the Landers earthquake with geothermal fluids or crustal magma bodies may be an important triggering process. At Long Valley caldera, the close temporal association between seismicity rate and the increasing part of the transient compressional strain pulse (Fig. 6 ) strongly points to an increase in fluid pressure somewhere in the upper crust driving the triggered seismicity.
The observation that the triggered activity persisted hours to 1 week or more after seismic waves from the Landers event subsided (and in many cases may not have begun until after the seismic waves had subsided) emphasizes that the triggered activity was not driven solely by the dynamic stresses. Whatever the triggering processes, the results were a cascading failure sequence (earthquake swarm) in crustal volumes already loaded to a critical stress state (33). The form and duration of individual triggered sequences are probably influenced by
